Sustainable nitrogen (N) management in agroecosystems is crucial for supporting crop production and reducing deleterious N losses. Biochar application with N-fixing legumes offers promise for increasing soil N retention and input. Strategic, low application rates (112 kg ha −1 ) of pine and coconut feedstock biochars were tested in an established alfalfa (Medicago sativa) field. Soil inorganic N and plant growth, N concentrations, and δ 15 N were monitored over a growing season to follow mineral N availability, and plant N uptake and sourcing. Microbial and gene abundance and enzyme activity were measured to assess the potential for N cycling processes to occur. Biochar application had minimal effects on measured parameters. However, significant temporal dynamics in N cycling and correlations between alfalfa δ 15 N and soil N availability indicate differing plant N sourcing over time. Our findings indicate that low application rates of biochar in established alfalfa fields do not significantly affect N cycling, and that managing alfalfa to maximize N fixation, for example by intercropping, may be a better solution to increase N stocks and retention in this system. To determine when biochar can be beneficial for alfalfa N cycling, we need additional research to assess various economically-feasible biochar application rates at different alfalfa growth stages.
Introduction
A key facet of soil health and sustainable agriculture is supporting the ability of soils to retain and cycle nutrients, especially nitrogen (N) [1] . Nitrogen is crucial for crop growth, but over-application of fertilizers and adverse environmental conditions can lead to large losses of N from agroecosystems with important implications for greenhouse gas (GHG) emissions, water quality, and overall resource use efficiency [2] . While there are many proposed solutions for enhancing N retention and cycling in agricultural systems, the use of N-fixing legumes and the application of biochar have both shown promising results [3, 4] .
Diversifying cropping systems by adding a legume in rotation has been shown to enhance microbial biomass and bioavailable N, while reducing GHG emissions and external inputs [5, 6] , making legume addition a widely accepted practice for sustainable agriculture [7] . Alfalfa, the most prominent forage legume in the US [8] , is typically grown for multiple years as an alternative N source in extended rotations with non-leguminous crops (e.g., [9, 10] ). High rates of biological N fixation (BNF) by alfalfa and other legumes are generally associated with low soil inorganic N (SIN), high phosphorus availability, and adequate availability of micronutrients needed as co-factors of the nitrogenase enzyme that is responsible for catalyzing BNF [11] . Application of biochar, a soil amendment created by pyrolyzing biomass at a range of temperatures (350-1000 • C), resulting in a carbon-rich, recalcitrant material that can persist in the soil for centuries [12, 13] , has been shown to reduce SIN [3] , potentially forcing alfalfa to rely more on BNF for N requirements and thus leading to increased input of biologically-fixed N. The pathways for lower SIN with biochar addition include both biotic and abiotic mechanisms. Biochar-induced increases in microbial activity [3] and in the bacterial to fungal ratio, which is more often found in high pH soils and with low biochar application rates [14] , may lead to higher immobilization of inorganic N, due to greater N requirements by larger microbial communities, and by bacteria relative to fungi due to bacteria's lower biomass C:N ratio. Additionally, the high surface area and porous nature of biochar allows for chemi-and physi-sorption of N compounds, respectively [3, 12] . Further, biochar may also limit mineralization of organic matter through suppression of enzymatic activity via direct sorption of enzymes to the biochar surface [15] , which could also contribute to lower mineral N availability through reduced breakdown of nitrogenous compounds. Notably, biochar-induced SIN reductions have been shown to be associated with reduced crop yield [16] , and thus biochar-induced increases in N fixation during the alfalfa phase of a crop rotation may provide an alternative N source to support overall productivity. This may be especially important early in the growing season as biochar-induced reductions in nitrate (NO 3 − ) were found for the short term (<5 weeks [16, 17] ). Since alfalfa undergoes multiple harvests each year, it is important to ensure adequate N availability, via soil available N or N fixation, throughout the growing season. Previous studies assessing the effect of biochar application on N fixation have shown promising results [18] [19] [20] [21] [22] [23] [24] , although the number of field studies is limited [24, 25] and the majority of studies have evaluated relatively high application rates (≥10 Mg ha −1 ). Importantly, these high application rates are not economically feasible for farmers in many regions [26] , suggesting the need to test the effectiveness of lower biochar application rates. For example, relatively low rates of biochar applications (0.8 Mg ha −1 ), added in-row, in close proximity to the seed, have shown increased yields in an irrigated maize system [27] . Further, Rajkovich et al. [28] found significantly increased tissue N and N uptake on average with decreasing biochar application rates (from 91 to 2.6 Mg ha −1 ), such that there may be multiple agronomic benefits of lower biochar application rates. Additionally, the effects of biochar application in reducing SIN and enhancing N fixation are often more pronounced in coarse texture soils relative to other soil types [3, 29] , suggesting that low rates of biochar application in sandy soils is a promising agricultural option for increased N fixation.
While biochar shows clear potential, its effects are highly dependent on biochar feedstock and production conditions (i.e., [3, 30, 31] ). Thus, an interest has emerged in post-pyrolysis treatments to provide more consistent "engineered" or "designer" biochar products [32] , although this work has mostly focused on pollution removal in wastewater [33, 34] . These biochar products may lead to differential effects on soil N cycling as compared to traditional biochar and thus warrant greater study in soil systems. Variation in the physio-chemical properties in these products due to feedstock may allow for finer parsing of the mechanisms for potential SIN reduction, suggesting the need to evaluate a variety of biochar products.
Biochar effects on N fixation do not occur in isolation, making it relevant to understand effects of biochar amendment on broader N cycling processes, in addition to N fixation. Ecological tools can be used to directly quantify nutrient fluxes or to gain broader characterizations of the biological system. The difference in 15 N natural abundance between a non-fixing reference plant and an N-fixing legume can indicate relative differences in N fixation between treatments and over time, as well as transfer of fixed N from the N-fixing plant to the reference plant [35, 36] . Since it is challenging to measure N fixation directly, it is important to employ multiple lines of evidence to measure changes in N fixation [37] . In addition to isotopic measurements, soil microbial functional genes can give ecosystem-level insights into key N transformations within the soil-plant-atmosphere system [38] . Quantifying the abundance of genes associated with N fixation, as well as N loss, can indicate potential for these processes to occur. The potential for N loss is particularly important for our system because, while addition of biochar generally reduces N loss as N 2 O [39] , this effect may be reduced in field studies [40] , and legumes have been shown to increase N 2 O emissions relative to non-N-fixing cover crops [41] . Thus, understanding the effects of low rates of biochar application on both N fixation and potential N loss in alfalfa is important for a holistic view of N cycling over the growing season that attempts to balance agronomic, environmental, and economic benefits of biochar application.
To better understand how low application rates of engineered biochar products can affect N cycling in alfalfa, we examined the effect of two different biochars on N cycling over the growing season in an established alfalfa field on a sandy soil. We used natural abundance 15 N of alfalfa and dandelions, our reference plant, in combination with N gene abundance, enzymatic activity, and SIN availability, to assess N fixation, soil-plant N dynamics, and potential N loss. We hypothesized that biochar would increase N fixation and soil nifH abundance and reduce soil microbial gene abundance associated with N loss through decreased SIN availability. We expected this effect to be stronger for biochar with higher surface area and C:N due to increased sorption of SIN and enzymes and immobilization of SIN as evidenced by increased microbial abundance and B:F ratios, respectively. We also hypothesized that biochar amendment would reduce SIN, especially NO 3 − concentrations, within the first month of the growing season, leading to increased BNF in biochar treatments during the early growing season, and similar biomass production regardless of biochar addition over the entire growing season. Based on the above expectations, we would also anticipate a negative relationship between SIN availability and BNF or potential N loss that would be more prominent in our biochar treatments, which we expect to reduce SIN availability.
Materials and Methods

Study Site
The experiment was conducted in a commercial alfalfa (Medicago sativa cv. Pioneer 5010) field near Roggen, Colorado (40 • 13 17.75" N, 104 • 19 28.35" W), between May and September, 2018. This area experiences semi-arid climate with an average annual precipitation of 353 mm, with the majority occurring as rain between May and July (climate-data.org, accessed August 2019). Minimum and maximum monthly temperatures for May through September on average (based on a 30-year average) vary between 5.9-14.4 • C and 22.6-32.3 • C, respectively. At the time of sampling, the field had been in alfalfa for five years and was maintained with organic amendments of compost or chicken litter applied each year before the growing season in winter or early spring. Since 1990, the field has been in a rotation with corn, sugar beets, and beans. Soils are mixed, mesic Ustic Torripsamments, part of the Valent sand series, and are classified as sandy (89% sand, 3% silt, 8% clay) using particle size distribution determined by the hydrometer method [42] . Before the start of the experiment, soils (0-20 cm) contained 5.8 g kg −1 C, 0.66 g kg −1 N, and had an average pH of 7.9 (see below for baseline sampling analyses). In early March 2018, before alfalfa began to reinitiate growth, compost sourced from feed lot manure (C:N ≈ 5; δ 15 N = 14.8% ± 0.05% ) was surface applied at a rate of 7.5 Mg ha −1 . Harrowing was done in the last week of March to gently incorporate this material with minimal disturbance to the dormant alfalfa. The field was irrigated by sprinkler (center-pivot system) continuously over the growing season for a total application of 715.5 mm of water between April and September 2018.
Biochars
Two biochars were assessed in this study: An engineered pelletized pine biochar product (PBC) and an engineered coconut biochar (CBC). Biochars were created through continuous pyrolysis at maximum temperatures below 650 • C and produced from pine and coconut husk feedstocks, respectively. Engineering of biochars was accomplished through post-processing (proprietary information; Cool Planet, Inc., Camarillo, CA, USA) to provide more uniform physio-chemical properties. PBC is an agglomerate product that is 38-40% biochar (proprietary information; Cool Planet, Inc., Camarillo, CA, USA). PBC is a pelletized product that can be applied using common farm machinery, potentially overcoming lack of on-farm biochar application due to application methodology. PBC was compared to CBC to evaluate whether it would perform equally as well as a more traditional biochar product, and to evaluate effects of physio-chemical differences in the biochars on N cycling in our system. Biochar products were characterized by ultimate analyses (C, H, N, ash; ASTM D3176-15, 2015) performed by Wyoming Analytical Labs, Inc. (Laramie, WY, USA) and all other properties were determined by Cool Planet, Inc. (pH, surface area, Ece; Camarillo, CA, USA; Table 1 ), with the exception of moisture, which was determined by mass difference of biochar as applied and biochar oven-dried for 48 h at 105. 
Experimental Design
The experiment consisted of three biochar treatments: (1) Application of the PBC, (2) application of the CBC, and (3) no biochar application, as a control (C), each randomly allocated to three plots (2 × 2 m each) within six replicate blocks. All blocks were located to ensure the presence of dandelions (our reference plant; Taraxacum officinale) within each of the block areas and were within a radius of 15 m. Treatments were established approximately two weeks after harrowing, on 18 April 2018. Biochar was incorporated by hand at plot establishment, at a rate of 112 kg ha −1 (45 g plot −1 ) by replicating a no-till drill with minimal soil disturbance to ensure proximity to alfalfa roots. Biochar was applied based on recommended broadcast rates for row crops and application methods for perennial crops provided by Cool Planet [43] . Biochar was applied to a depth of 3 cm in rows spaced approximately 22 cm apart to replicate no-till drill application. Soil was quickly covered to prevent biochar loss. While we acknowledge that this application rate is quite low compared to those used in most academic biochar field studies, these lower rates are required for commercial acceptance and have been successfully employed in other field studies [27] . Impact from these lower application rates is feasible due to the application of the biochar in close proximity to the roots, which creates a locally higher application rate. Thus, when considering the biochar concentration in the rhizosphere only, the application rate applied in this study is similar to 1.5 Mg ha −1 (9 g biochar applied over 200 × 3 cm row), which is comparable with other academic studies of biochar. Baseline soil samples were taken to a depth of 20 cm with a 1.9 cm diameter corer to assess any differences between blocks in soil pH, soil C and N content, and soil texture and no significant differences were found (data reported above in the site description).
Plant and Soil Samples Collection
Alfalfa was harvested four times during the growing season, on 30 May, 4 July, 6 August, and 21 September, which will be further referred to as H1 (Harvest 1), H2, H3, and H4, respectively. We note that the harvests were relatively regularly spaced and represent similar growth stages of alfalfa (i.e., flowering). Hand cutting of the alfalfa in each plot was conducted a few days before the harvest of the whole field for hay production. At each harvest, biomass was cut to a height of approximately 4 cm and was collected from only the inner 1 m 2 of each plot to minimize potential edge effects. At each cutting, fresh alfalfa biomass was weighed in the field and a representative sub-sample was taken and stored in paper bags for determination of dry weight and further analyses in the lab. Additionally, for H2-H4, aboveground biomass of several dandelions located within 2 m of each block were collected and stored in paper bags separately from alfalfa. At each harvest, five soil cores were taken with a 1.9 cm diameter corer to 20 cm depth to assess soil processes in the topsoil. These were randomly located within each 1 m 2 subplot and pooled to make one composite soil sample per plot for further analyses. Plant and soil samples were kept in a cooler until being returned to Colorado State University where soil samples were stored at 4 • C until analysis and plants were oven-dried at 60 • C. Sub-samples of soils collected at H4 were promptly sieved to 2 mm and stored at −80 • C for measurement of extracellular enzyme activity (5 g) and gene abundance (5 g).
Plant and Soil Analyses
Oven-dried aboveground biomass for alfalfa from each treatment plot and dandelions from each block at each harvest (only H2-H4 for dandelions) were ground to powder, and sub-samples were then measured for N concentration and δ 15 N isotopic composition on an elemental analyzer (Costech Analytical Technologies, Inc., Valencia, CA) coupled to an isotope ratio mass spectrometer (Delta V Advantage, Thermo Fisher Scientific Inc., Waltham, MA). Alfalfa aboveground N stocks at each harvest were estimated by multiplying N concentrations by aboveground dry biomass.
The differential isotopic values of an N-fixer (alfalfa) and a reference plant (dandelion) can indicate relative amounts of N fixation using the assumption that all dandelion N is derived from the soil which has a specific δ 15 N value, whereas alfalfa will obtain N from both soil pools and atmospheric N 2 [36, 44] . Generally, reference plants are assumed to have access to the same soil N pools as the N-fixing plant. Since dandelions are perennials and can have very deep tap roots (generally~1 m but up to 4.6 m; [45, 46] ), comparable to root depths of > 3 m seen in mature alfalfa [47] , they may be considered an appropriate reference plant for alfalfa and their N isotopic values can be used to represent plant-available soil N. Thus, greater difference between alfalfa and dandelion δ 15 N will indicate greater contribution of atmospheric N to alfalfa N stocks.
Within a week of sampling, soil ammonium (NH 4 + ) and NO 3 − concentrations were determined by extracting a sub-sample of field-moist bulk soil using 2 M KCl (5:1 soil/KCl ratio by mass), shaking for 1 h, filtering, (Whatman #40 ashless filter paper), and analyzing the extraction colorimetrically (Alpkem Flow Solution IV Automated wet chemistry system; O.I. Analytical, College Station, TX) [48] . Data was corrected for soil moisture and is presented on a dry weight basis. Due to the sandy and homogenous nature of the soil, sieving was not necessary, but all roots were removed before performing these analyses. With these data we are able to characterize mineral N through analysis of soil NH 4 + and NO 3 − concentrations and also total SIN and percent of SIN as NO 3 − . This latter metric reveals the degree to which soil N transformations are partitioning inorganic N into more or less mobile forms in the soil.
Enzyme Analyses
We assessed activities of two common extracellular enzymes that are associated with the degradation of nitrogenous compounds (LAP and NAG), to assess biochar effects on N mineralization processes. Specifically, we assessed L-leucine aminopeptidase (LAP) and β-1,4-N-acetylglucosaminidase (NAG) activities, which catalyze protein and chitin degradation, respectively. These were analyzed using a high throughput fluorometric assay, described by Bell et al. [49] . Bailey et al. [50] found that fluorometric assays account for potential biochar sorption of enzymes better than colorimetric assays. Briefly, standard plates were prepared by creating a series of 16 dilutions (0.4-100 µM) of 4-methlumbelliferone and 7-amino-4-methylcoumarium stock solutions. To assess the quenching of fluorescence due to floating soil or organic particles, these stock solutions were combined with 800 µL of sample (H4 soil) and read as described for the substrate-sample mixtures, below. To assess enzyme activity, 1 g of soil was combined with 30 mL of Tris buffer and shaken for 20 min. A combination of 800 µL of the soil solution and 200 µL of the substrates was shaken for 3 h. Standard-sample and substrate-sample solutions were transferred to black plates and read at 365 nm excitation and 450 nm emission on an Infinite M200 Microplate Reader (Tecan Trading AG, Switzerland).
DNA Analyses
Abundances of microbial markers (bacteria and fungi) and N cycling genes (nifH, nirK, and nosZ) were determined using qPCR, to estimate microbial abundance and potential for N cycling, respectively. Microbial abundance and the bacterial to fungal ratio were used to infer the potential N immobilization and potential microbial N need, respectively. The genes encoding nitrite reductase (nirK) and nitrous-oxide reductase (nosZ) contribute to the process of denitrification. Since nirK catalyzes the reduction of nitrite to nitric oxide, it represents an environmentally harmful gaseous loss pathway of N, whereas nosZ, which catalyzes the transformation of N 2 O to N 2 , represents a loss pathway that does not have harmful climate effects. Thus, relative abundances of nirK and nosZ can be representative of potential for greater N loss as NO/N 2 O or N 2 , respectively. Additionally, because the abundance of the nitrogenase reductase gene (nifH), which catalyzes reduction of N 2 to ammonia (NH 3 ), is correlated with N fixation in soil [51] , it represents a proxy for relative amount of N fixation.
Extraction and qPCR followed the methods of Hallin et al. [52] . Briefly, DNA was extracted from H4 soils using a Powersoil ® DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA) following the manufacturer's instructions. Standard curves with eight ten-fold dilutions were prepared using plasmids for each gene and extracted DNA was combined with respective primers for measurement of DNA copy numbers on a real-time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Melt curve analyses were conducted to verify the specificity of the amplification products, and the PCR efficiency ranged between 92-98%. Negative controls consisting of nuclease-free water were used to ensure no contamination occurred. Primers and conditions used for each measured gene are reported in Supplementary Materials (Table S1 ).
Data Analyses
Statistical analyses were carried out using the R statistical software (R Core Team, 2017). Repeated measures analysis was used to assess patterns of alfalfa aboveground biomass production, N uptake, alfalfa and dandelion δ 15 N, and SIN between harvests and in response to different biochar types, with block considered as a random effect (lme4; [53] ). One-way ANOVA with block as a random effect was used to examine the influence of biochar on enzyme activity and gene and microbial abundance. Pairwise comparisons (emmeans; [54] ) were used to determine differences between individual biochar types. When response variables did not fit the assumptions of the linear model, natural log and Box-Cox power transformations were assessed and applied for data analysis [55] . Correlations were used to examine relationships between alfalfa δ 15 N and SIN parameters across the entire growing season and all treatments, in order to identify overarching drivers for change. Correlations between gene abundance and SIN parameters used data only from H4 but for all treatments. For correlations between alfalfa δ 15 N and percent of SIN as NO 3 − , the latter was log transformed to meet the assumptions of normality for the residuals. All other data fit the assumptions of the normal model. Significance for treatment differences and correlations were determined where p < 0.05.
Results
Plant and Soil N Dynamics
The low rate of biochar addition tested here had minimal effects on the measured plant and soil N parameters. Biochar type was not a significant predictor for alfalfa biomass, total N content, N concentration, alfalfa or dandelion δ 15 N, or SIN. However, we observed interesting temporal dynamics over the growing season, such that harvest date was significant for all of these variables with the exception of alfalfa N concentration. The largest alfalfa harvest was at the beginning of the season; alfalfa biomass for H1 was around 600 g m −2 for all treatments, 1.5-2 times higher than all other harvests (p < 0.001; Figure 1 ). Alfalfa N concentrations were on average 3.2% and this was the only variable to not change significantly over time. In contrast, N content of the alfalfa followed the pattern of biomass over time with highest uptake at H1 (p < 0.001) and ranged from 2.82 to 3.68 mg N g −1 biomass across biochar treatments.
Similar to the aboveground biomass, soil NO3 − was relatively high for H1 as compared to the other harvests (p < 0.001), as well as for H2 compared to H4 (p = 0.01; Figure 2 ). In contrast, NH4 + was relatively low at the beginning of the growing season and increased through H3, such that H1 was significantly lower than all other dates (p < 0.001) and H3 was significantly higher than H4 (p = 0.001 Figure 2 ). Patterns in NH4 + dominated the total SIN pattern at the end of the growing season such that, similar to NH4 + , H2 and H3 had significantly higher SIN than H4 (p < 0.01; Figure 2 ). These temporal patterns in mineral N led to a significant decrease in the percent of SIN as NO3 − from H1 to H3 (p < 0.04). Additionally, the interaction between harvest date and biochar type was significant for the percent of SIN as NO3 − -the control had significantly greater SIN as NO3 − as compared to the treatments with biochar at H1 (p < 0.006; Figure 2) .
Isotopic values of alfalfa and dandelions exhibited a relatively small range, and both increased over time. Alfalfa δ 1 ⁵N values ranged from −0.93‰ to 1.15‰ and followed a similar pattern as NH4 + values over time, such that at H1 alfalfa δ 1 ⁵N was significantly lower than at all other harvests (p < 0.001) and at H2 it was significantly lower than at H3 and H4 (p < 0.001; Figure 3 ). Dandelion δ 1 ⁵N values (range: −2.21‰ to 1.44‰) also increased over time (p < 0.04) and were significantly different from alfalfa δ 1 ⁵N values for H2 (p < 0.001) and H3 (p < 0.04), but not H4 (Figure 3 ). Figure 1 . Alfalfa biomass production from a field study with three biochar treatments in an irrigated, commercial alfalfa field sampled in 2018 near Roggen, CO. Means are presented for each treatment at four harvest dates, along with cumulative biomass (Cum.) produced over the growing season. Error bars represent the standard error (n = 6). Biochar treatments are represented as control (C; white), coconut shell biochar (CBC; dark grey), and pine biochar product (PBC; light grey). The date was a significant predictor for alfalfa biomass (p < 0.001), which was not predicted by biochar type nor the biochar by date interaction.
Alfalfa N concentrations were on average 3.2% and this was the only variable to not change significantly over time. In contrast, N content of the alfalfa followed the pattern of biomass over time with highest uptake at H1 (p < 0.001) and ranged from 2.82 to 3.68 mg N g −1 biomass across biochar treatments.
Similar to the aboveground biomass, soil NO 3 − was relatively high for H1 as compared to the other harvests (p < 0.001), as well as for H2 compared to H4 (p = 0.01; Figure 2 ). In contrast, NH 4 + was relatively low at the beginning of the growing season and increased through H3, such that H1 was significantly lower than all other dates (p < 0.001) and H3 was significantly higher than H4 (p = 0.001 Figure 2 ). Patterns in NH 4 + dominated the total SIN pattern at the end of the growing season such that, similar to NH 4 + , H2 and H3 had significantly higher SIN than H4 (p < 0.01; Figure 2 ). These temporal patterns in mineral N led to a significant decrease in the percent of SIN as NO 3 − from H1 to H3 (p < 0.04). Additionally, the interaction between harvest date and biochar type was significant for the percent of SIN as NO 3 − -the control had significantly greater SIN as NO 3 − as compared to the treatments with biochar at H1 (p < 0.006; Figure 2 ). ). There were no significant differences between biochar types nor significant interactions for total SIN or individual inorganic nitrogen (N) species. The date was a significant predictor for total SIN (p < 0.001) and individual inorganic N species (p < 0.001). The interaction was significant for percent of SIN as NO3 − , which was significantly higher in the control for Harvest 1 (H1) (p < 0.006). Biochar types are represented as control (C), coconut shell biochar (CBC), and pine biochar product (PBC). ). There were no significant differences between biochar types for alfalfa δ 1 ⁵N.
The date was a significant predictor for alfalfa (p < 0.001) and dandelion (p = 0.042) δ 1 ⁵N. Treatments are represented as alfalfa under control (C), coconut shell biochar (CBC), pine biochar product (PBC), and dandelions averaged across treatments (D).
Microbial Measurements
There were no significant differences between biochar treatments for any microbial measurements. There was a trend towards higher nirK and nosZ abundance in PBC treatments at H4, such that PBC had twice the average nirK DNA copy numbers as compared to CBC (p = 0.064; Figure  4 ). Similarly, PBC had approximately double the average nosZ DNA copy numbers than those of CBC and the control, but this was not significant due to high variability (p > 0.3; Figure 4 ). In contrast, Isotopic values of alfalfa and dandelions exhibited a relatively small range, and both increased over time. Alfalfa δ 15 N values ranged from −0.93% to 1.15% and followed a similar pattern as NH 4 + values over time, such that at H1 alfalfa δ 15 N was significantly lower than at all other harvests (p < 0.001) and at H2 it was significantly lower than at H3 and H4 (p < 0.001; Figure 3 ). Dandelion δ 15 N values (range: −2.21% to 1.44% ) also increased over time (p < 0.04) and were significantly different from alfalfa δ 15 N values for H2 (p < 0.001) and H3 (p < 0.04), but not H4 (Figure 3 ). ). There were no significant differences between biochar types nor significant interactions for total SIN or individual inorganic nitrogen (N) species. The date was a significant predictor for total SIN (p < 0.001) and individual inorganic N species (p < 0.001). The interaction was significant for percent of SIN as NO3 − , which was significantly higher in the control for Harvest 1 (H1) (p < 0.006). Biochar types are represented as control (C), coconut shell biochar (CBC), and pine biochar product (PBC). ). There were no significant differences between biochar types for alfalfa δ 1 ⁵N. The date was a significant predictor for alfalfa (p < 0.001) and dandelion (p = 0.042) δ 1 ⁵N. Treatments are represented as alfalfa under control (C), coconut shell biochar (CBC), pine biochar product (PBC), and dandelions averaged across treatments (D).
There were no significant differences between biochar treatments for any microbial measurements. There was a trend towards higher nirK and nosZ abundance in PBC treatments at H4, such that PBC had twice the average nirK DNA copy numbers as compared to CBC (p = 0.064; Figure   Figure 3 . Average plant δ 15 N over time for alfalfa under three biochar treatments and for dandelions within an irrigated, commercial alfalfa field sampled in 2018 near Roggen, CO. Error bars represent one standard error (n = 6). There were no significant differences between biochar types for alfalfa δ 15 N. The date was a significant predictor for alfalfa (p < 0.001) and dandelion (p = 0.042) δ 15 N. Treatments are represented as alfalfa under control (C), coconut shell biochar (CBC), pine biochar product (PBC), and dandelions averaged across treatments (D).
There were no significant differences between biochar treatments for any microbial measurements. There was a trend towards higher nirK and nosZ abundance in PBC treatments at H4, such that PBC had twice the average nirK DNA copy numbers as compared to CBC (p = 0.064; Figure 4) . Similarly, PBC had approximately double the average nosZ DNA copy numbers than those of CBC and the control, but this was not significant due to high variability (p > 0.3; Figure 4 ). In contrast, mean nifH copy numbers were~1.5 times higher in the control relative to the biochar treatments, although these data were also highly variable (p > 0.2; Figure 4 ). The biochar type was not a significant predictor for fungal and bacterial abundance, the bacterial to fungal ratio, nor enzyme activity, largely due to high variability ( Table 2 ). Note that NAG activity in biochar treatments is, on average, about half that in the control, but is non-significant. We note one potential outlier in the control, but when this value is removed, the biochar type is still not a significant predictor for NAG activity. mean nifH copy numbers were ~1.5 times higher in the control relative to the biochar treatments, although these data were also highly variable (p > 0.2; Figure 4 ). The biochar type was not a significant predictor for fungal and bacterial abundance, the bacterial to fungal ratio, nor enzyme activity, largely due to high variability ( Table 2 ). Note that NAG activity in biochar treatments is, on average, about half that in the control, but is non-significant. We note one potential outlier in the control, but when this value is removed, the biochar type is still not a significant predictor for NAG activity. ). There were no significant differences between biochar types for any functional genes. Biochar types are represented as control (C; white), coconut shell biochar (CBC; light grey), and pine biochar product (PBC; dark grey). Table 2 . Microbial analyses of soils (0-20 cm) from an alfalfa field near sampled Roggen, CO in 2018. Values presented as mean ± standard error (n = 6) for each biochar type: control (C), coconut shell biochar (CBC), and pine biochar product (PBC). All microbial analyses were done for the H4 (21 September) sampling date. Biochar type was not a significant predictor for any of these measurements. 
Measurement
Correlations between Measurements
Alfalfa δ 1 ⁵N and N gene abundance were differentially related to measures of SIN-alfalfa δ 1 ⁵N correlated more strongly with different types of SIN whereas abundance of N genes associated with denitrification correlated with total SIN (Figure 5 ). Soil NO3 − and NH4 + both correlated with alfalfa δ 1 ⁵N (NO3 − : r = −0.533; p < 0.001, NH4 + : r = 0.445; p < 0.001), but total SIN did not. The strongest correlation with alfalfa δ 1 ⁵N was for percent of SIN as NO3 − (r = −0.606; p < 0.001), which, similar to NO3 − , was negatively related to alfalfa δ 1 ⁵N. In contrast, nirK correlated with total SIN (r = 0.546; p = 0.019) and NH4 + (r = 0.569; p = 0.014), but not NO3 − nor percent of SIN as NO3 − . Similarly, nosZ gene abundance was somewhat related to total SIN (r = 0.451; p = 0.060), but not NO3 − , NH4 + , nor percent of SIN as NO3 − . The abundance of nifH was not significantly correlated with any measure of SIN. 6 ). There were no significant differences between biochar types for any functional genes. Biochar types are represented as control (C; white), coconut shell biochar (CBC; light grey), and pine biochar product (PBC; dark grey). Table 2 . Microbial analyses of soils (0-20 cm) from an alfalfa field near sampled Roggen, CO in 2018. Values presented as mean ± standard error (n = 6) for each biochar type: control (C), coconut shell biochar (CBC), and pine biochar product (PBC). All microbial analyses were done for the H4 (21 September) sampling date. Biochar type was not a significant predictor for any of these measurements.
Measurement
Units 
Correlations between Measurements
Alfalfa δ 15 N and N gene abundance were differentially related to measures of SIN-alfalfa δ 15 N correlated more strongly with different types of SIN whereas abundance of N genes associated with denitrification correlated with total SIN ( Figure 5 
Discussion
We observed minimal effects of biochar on N cycling, microbial activity, and plant growth in our system and rather found that time over the growing season was a more important predictor of N dynamics in this established alfalfa field. Additionally, we found that proxies for N fixation and denitrification were differentially related to measures of SIN, which may have important implications for agricultural N management.
Lack of Biochar Addition Effects
Beyond minimal effects of our low biochar application rates on measured parameters, we also found no differences between the two types of biochar applied. The only biochar effect we observed was significantly higher SIN as NO 3 − in the control compared to the biochar treatments at H1.
Short-term reduced NO 3 − following biochar addition has been observed by others and has been attributed to abiotic sorption [17] , which potentially occurred in our experiment, although we did not measure NO 3 − sorption. Further, Nelissen et al. [17] also showed increased short-term NH 4 + availability, attributed to biochar-induced increases in mineralization, potentially leading to more even distributions of each SIN type in our biochar treatments compared to the control. However, given that there were no significant differences in NO 3 − or NH 4 + concentrations between biochar and control treatments, biochar-mediated NO 3 − sorption, which is often negligible, and mineralization, do not appear to be important in our study. The lack of biochar effects, as well as differential effects between our biochar types, was likely due to our very low application rate, that was an order of magnitude lower than most biochar studies (112 kg ha −1 vs. rates in Mg ha −1 ). The literature supports weaker effects at low application rates-reductions in N 2 O emissions and NO 3 − leaching are minimized to non-significance at low application rates [39, 56] , likely due to reduced chemico-physical effects of biochar. Additionally, our data indicate lack of effects of biochar on soil microbial activity as there were no biochar effects on microbial abundance, the bacterial to fungal ratio, nor enzymatic activity, thus negating SIN reduction mechanisms of increased microbial N demand and physical sorption of N mineralizing enzymes, respectively. Several biochar studies have found lack of changes in SIN concentration, N 2 O, and MBN [40, 57, 58] , even with higher application rates (15-30 Mg ha −1 ), indicating that biochar may not affect these pools in certain systems, regardless of application rate. Beyond application rates, depth of biochar application and application type are important considerations for interpreting results from field trials of biochar. As we continue to advance on-farm study of biochar, application methods need to be better integrated into frameworks of potential mechanisms and scientific sampling designs. Our findings support the idea that low application rates of biochar are likely not sufficient to enhance N fixation. Since biochar application did not lead to reduced SIN, which was our expected mechanism for increased N fixation, it is not surprising to see non-significant effects of biochar on our proxies for N fixation (δ 15 N and nifH). Our low application rate could also explain these results-Mia et al. [20] found increased biomass, percent N derived from the atmosphere, and N fixed per pot at 10 Mg ha −1 but not at 1 Mg ha −1 , which is still an order of magnitude higher than the rate used in our study, albeit being similar to our rhizosphere rate (~1.5 Mg ha −1 ). Alternatively, the non-significant differences in nifH gene abundance in our study may be due to the short time response of nifH gene to biochar addition. Other studies have found increased nifH gene abundance in soils with biochar addition [59, 60] , but this effect diminished after 22 days [60] , and a longer-term study found no significant differences in nifH gene abundance between biochar-amended and control soils after six and twelve months [61] . Since we measured gene abundance on soils collected~5 months after biochar application, any positive effects of biochar on nifH abundance may have already been reduced to comparable levels with the control.
Seasonal Trends in N Cycling
While we expected a decrease in SIN immediately following the biochar addition to affect N cycling, lack of treatment effects and changes in individual SIN species over time led to a complex pattern in mineral N availability. Regardless of biochar addition, there was a shift from approximately 60% of SIN as NO 3 − (at H1) to less than 20% of SIN as NO 3 − (at H4) over the growing season that was correlated with alfalfa δ 15 N. This correlation could be interpreted in multiple ways. We could assume higher (more enriched) δ 15 N values are associated with greater BNF because dandelion δ 15 N values were significantly more negative than alfalfa early in the season. Thus, negative values likely represent available soil N pools. The significant negative correlation between the percent of SIN as NO 3 − and δ 15 N could suggest that early in the growing season plants derived their N from relatively high NO 3 − in the soil, and as plants reduced soil NO 3 − via uptake, BNF would no longer be inhibited [62] and could contribute additional N for the plant. N fixed by BNF can enter the soil as rapidly mineralizing organic N or directly as NH 4 + through rhizodeposition [63] which could explain the shift to NH 4 + in the late growing season. These patterns are further supported by the lack of correlation between total SIN and δ 15 N, which indicates that the extent of N fixation is not dependent on the total amount of mineral N in the system but rather a specific form of inorganic N. If alfalfa was truly delaying N fixation due to relatively high soil NO 3 − availability, alfalfa may provide greater sustainable (i.e., BNF) N input when grown in concert with other non-leguminous crops, either in a rotation or through intercropping, due to their soil N uptake. In the scenario outlined above, the convergence of dandelion δ 15 N values on alfalfa δ 15 N values over the growing season may indicate an uptake of biologically fixed N by dandelions. Although N transfer is largely outside of the scope of this study, it may be important to consider when choosing reference plants for N fixation studies using isotopic methods. Alternative interpretations of the correlation between alfalfa δ 15 N and percent SIN as NO 3 − could attribute this relationship to the plant uptake of compost N or to changes in acquisition depth of N. However, these interpretations have less support from our data given that the compost had an enriched signal (δ 15 N = 14.8% ± 0.05% ) that was not portrayed in the plant δ 15 N signal and that NH 4 + is relatively immobile and thus would not be expected to leach down the soil profile where it would be taken up later in the season [64] . The lack of significant correlations between nifH abundance and SIN measurements do not seem to support relationships between BNF and measures of SIN. However, nifH was only measured for H4 and in the bulk soil, which, in managed systems, has been shown to be similar to the rhizosphere soil [65] , but may capture free-living N-fixers in addition to those associated with legume-associated BNF, potentially leading to our differential findings for our indicators of N fixation (δ 15 N and nifH).
N Cycling Genes and SIN Availability
Across all treatments, availability of SIN was an important predictor for genes representative of N loss but not for nifH. Total SIN, rather than a specific SIN species, was a better predictor for nirK and nosZ gene abundance, regardless of biochar application. The positive correlation of total SIN with nirK and nosZ gene abundance observed here likely indicates the requirement of N, regardless of form, for microbial metabolism [66, 67] . However, this is in opposition to our findings for nifH, which was not correlated with any measure of SIN. The lack of correlation was especially surprising for nifH given significant associations between δ 15 N and the other N genes, but this could be due to the time of measurement, associated with seasonal dynamics of N mentioned above. Taken all together, findings related to N dynamics imply that reducing mineral N availability, particularly by reducing soil NO 3 − availability, may stimulate N fixation and reduce N losses as N 2 O or N 2 via reduced abundance of denitrifying bacteria. While previous studies have found biochar to be a promising tool for increasing N fixation, our field study found no effects of low application rates of biochar to a sandy soil on N cycling. Further study on application rates of biochar that are agronomically, environmentally, and economically effective and the conditions under which these are effective are needed to better realize the potential benefits of biochar in agriculture. Our findings suggest seasonal patterns in N cycling that may represent a shift from plant dependence on soil NO 3 − to biologically fixed N towards the end of the growing season.
Additionally, total SIN, rather than a specific inorganic N species, was a better predictor of nosZ and nirK gene abundance. Taken together, these results could have management implications for soil N availability. Rather than applying biochar to increase N fixation and reduce N losses, a better solution for this system may be to grow alfalfa as an intercrop with other, non-leguminous forages or to rotate alfalfa more frequently with other crops under low N rates, which could reduce soil N availability and thus spur N fixation, while also potentially reducing N losses through denitrification.
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